We propose a sensing mechanism for detection of analytes that can specifically recognized. The sensor is based on closely-spaced chains of functionalized gold nanoparticles ͑NPs͒ immobilized on a waveguide surface, with the signal detected by evanescent waveguide absorption spectroscopy. The localized surface plasmon spectrum of a linear array of closely-spaced, hemispherical gold NPs is calculated using the discrete dipole approximation. The plasmon band is found to broaden to a nanowirelike spectrum when a dielectric coating is put on the particles, and the light polarization is along the NP chain. The origin of this broadening is shown to be the polarization-dependent overlap of the evanescent fields of adjacent NPs upon application of the dielectric coating. These features suggests a mechanism for biosensing with an improved sensitivity compared with traditional NP biosensor methods.
I. INTRODUCTION
Gold NPs ͑GNPs͒ are good candidates for implementing biosensing methods 1 because they combine narrow and sensitive localized surface plasmon resonance ͑LSPR͒ spectra 2, 3 with the strong binding affinity of thiol groups to gold, 4 allowing the immobilization of a recognition site for a particular analyte molecule. 5 The effects of size, 6 shape, 7 substrate, 8 and plasmon coupling within clusters 9 on the gold LSPR spectrum have been well studied. An excellent review of refractive index sensing using noble-metal NPs can be found in Ref. 10 . GNPs can also be immobilized on a surface for planar biosensing 11 offering an increased sensitivity at smaller sample volumes and the potential of multiplexing and parallelization.
We present the theoretical principle behind a biosensor that uses a chain of hemispherical GNPs ͑HGNPs͒ immobilized on a waveguide surface, and spectral detection via evanescent wave absorption spectroscopy ͑EWAS͒.
12, 13 The presence of a small amount of dielectric material can be detected by a large change in the EWAS spectra. In the EWAS method, the NPs are located in the evanescent field of the waveguide which excites the localized surface plasmons in the NPs. The evanescent field can have two polarizationscorresponding to the transverse electric ͑TE͒ and transverse magnetic ͑TM͒ waveguide modes. Thus the NPs can be addressed with two polarizations in contrast to transmission absorption spectroscopy.
14 By modeling a detected analyte layer by a thin dielectric coating, we show that a specific recognition reaction can be detected by the large change in the optical response of the HGNP chain-the broadening of the NP LSPR peak to a broad nanowirelike spectrum.
Recently, Aliganga et al. 15 and Rooney et al. 16 have shown that by immobilizing NPs on a waveguide surface and using EWAS ͑Refs. 12 and 13͒ for detection of spectral information, it is possible to experimentally distinguish between bare GNPs deposited on a surface, and the same NPs coated with an ultrathin, organic, dielectric layer. The immobilized NPs were coupled optically into clusters by the application of the dielectric coating. This clustering led to the appearance of a second peak in the absorption spectrum-the optical clustering process-only when the polarization direction was chosen to be in the plane of the NPs. The present theoretical work investigates the possibility of increasing the sensitivity of the above process by placing HGNPs in a regularly-spaced chain, and determines the EWAS spectrum of a chain of regularly-spaced dielectrically coated HGNPs. Note that this study is fundamentally different from the NP array biosensors [17] [18] [19] that use interferometric effects to produce narrow plasmon bands and significant field enhancements. We study a linear chain of closely-spaced HGNPs as a model of the experiment where a row of GNPs are immobilized on a waveguide's surface. In such a chain ͑with interparticle separation much smaller than the wavelength of light͒, we show that by coating the NPs with a dielectric layer that models the bound analyte, the EWAS spectrum in the s-polarization changes from the narrow single-particle LSPR spectrum to a broad nanowirelike spectrum. This effect is shown to be due to the polarization-dependent overlap of the evanescent electric fields of the individual NPs induced by the coating. Our study of spherical and hemispherical NP chains indicates that hemispherical NP chains are better suited as biosensors than spherical NP chains. We also present a measure of biosensor sensitivity that is an improvement over present measures that are keyed to the peak LSPR wavelength shift as function of analyte refractive index. The next step in the implementation of the proposed biosensor will be a specific recognition reaction of an analyte that can be detected by the large change in the optical response due to the build up of organic material on the GNP chains-these experiments are in progress.
II. METHOD
In this work, we study the influence of a dielectric coating on a linear chain of very closely-spaced ͑spacingӶ͒ gold nanohemispheres on the plasmon spectrum. Markel 19 showed that if the spacing between particles in a linear chain is much smaller than the wavelength of the radiation, then the wavelength of the plasmon resonance is dominated by the near-zone ͑i.e., 1 / r 3 ͒ interaction. Zhao et al. 18 calculated the plasmon band for a planar lattice of spherical silver NPs and found that as the spacing between the particles was decreased to be much smaller than the wavelength of the incident light, the peak of the UV-vis plasmon spectrum redshifts, and the width of the plasmon band broadens. We show that a similar broadening of the spectrum can be produced by adding a dielectric coating on a chain of HGNPs. The physical origin of the broadening is shown to be the overlap of the electric fields between adjacent NPs in a chain that occurs when the particles are coated by a dielectric material ͑mod-eling the analyte layer͒.
To calculate the LSPR spectrum of a chain of HGNPs, we solve Maxwell's equations for the configuration when white light is incident on a chain of GNPs along the surface upon which the particles are immobilized, and perpendicular to the chain direction ͑see Fig. 1 top panel͒. The light polarization is then either along the surface ͑along the interparticle axis͒ s or perpendicular to the surface ͑and to the interparticle axis͒ p. The extinction spectrum as well as the electric field around the NPs are calculated using the well-known discrete dipole approximation ͑DDA͒. 20, 21 In this method, a continuum target is modeled by a lattice of N discrete dipoles at points r i , and a polarizability ␣ i is assigned to each dipole. The ␣ i 's are chosen so that for large N the lattice has the same dispersion relation as a bulk continuum target. The dielectric constants for gold in the optical wavelength range is taken from Palik's handbook. 22 The validity criterion of the method is that the target lattice should be dense enough so that the phase change from one dipole to its neighbor is less than 1 rad; i.e., the lattice spacing is much smaller than the wavelength. 21 This criteria implies that ͉m͉kd Ӷ 1, where m is the refractive index of the target and d is the lattice spacing. The computations were done using a FORTRAN implementation of DDA introduced by Draine and Flatau 21 that has been used for nanoplasmonics calculations by several groups. 7, 16, 23, 24 We calculate the extinction, absorption, and scattering efficiencies, as well as the magnitude of electric field at the site of each dipole, details are given in Refs. 7 and 16.
In this study, the substrate ͑waveguide surface͒ is not explicitly modeled. That is, the substrate's refractive index is taken to be the same as that of the ambient medium. This is justified because in the planned experiments, the GNPs are not in direct contact with substrate, and are immobilized via silane chemistry, 25 that is, the NPs are tethered to the waveguide surface. From investigations on substrate effects, 10, 26 it is clear that substrate effects become significant when there is direct contact between the NP and the substrate, and when the incident electric field is polarized perpendicular to the substrate. In our proposed biosensor platform the GNPs are not in direct contact with substrate, and the electric field is parallel to the surface. Figure 1 shows a DDA calculation using the methodology of Ref. 27 that confirms this hypothesis, that is when the HGNP array is a distance of 7 nm away from the surface, the effect on the LSPR spectrum is a small ͑10 nm͒ shift in the peak of the spectrum. ͑In the experiment, the spacing between the GNPs and the substrate is of the order of 10 nm.͒ Note that in this sensor scheme, we are not looking for peak wavelength shifts, but for the ratio of peak heights. Therefore for the calculations in the rest of the paper, we consider a chain of GNPs in a matrix with the refractive index of air.
In the EWAS configuration, the NPs are illuminated by the evanescent field of the waveguide. This field propagates parallel to the waveguide surface with its polarization along the waveguide mode polarization. Since the field decays over several microns away from the waveguide surface, and the NPs are only of the order of 10 nm, we can treat the incident field as a plane wave in the calculations. We approximate the TE modes by applying s-polarized light ͑electric field pointing along the waveguide surface͒ and the TM modes by ap- 
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plying p-polarized light ͑electric field pointing perpendicular to the waveguide surface͒ to the NP chain-the chain is perpendicular to the field propagation. The small E-field component oscillating in the direction of the k-vector in TM modes is not taken into account since it does not affect the main results of this paper ͑since the interparticle axis is always perpendicular to the propagation vector͒. Note that the plasmons do not couple to the waveguide modes, and the NPs are merely in the evanescent field of the waveguide. Therefore it is unnecessary to model the waveguide as well.
III. RESULTS AND DISCUSSION
We now present numerical results of the calculation of the extinction spectra of a chain of 2, 3, 4, and an infinite number of bare and dielectrically coated HGNPs. We consider a chain of HGNPs of 14 nm diameter and center-tocenter separation of 17.5 nm. The analyte coating is modeled by a concentric 1.75 nm layer of a dielectric material with refractive index n = 1.45 that covers only the exposed side of the NPs as shown in Fig. 2 . This is because, in the experiment, the recognition sites for the analyte are situated only on the hemispherical surface of the nanoparticle ͑NP͒, whereas the planar surface of the NP is tethered to the waveguide. In Fig. 2 , the upper two panels show the spectra of the bare NP chain, and the lower two panels show the spectra for the analyte-coated chain. The spectra for s-polarized light are on the left, and those for p-polarized light are on the right.
When coated by an analyte, the LSPR spectrum of the NP chain shows two changes. The first is that the peak of the spectrum shifts by 10-20 nm to the red, and this can be attributed to the increase in size of the NPs and an increase in the ambient refractive index. The second change is the appearance of a second peak at around 630 nm that appears only when the light polarization is along the inter particle axis ͑s-polarization͒. The shift in the first peak increases with increasing number of NPs in the chain but the location of the second peak is not as sensitive to the number of particles in the chain as the first peak. Interestingly, the ratio of peak heights ͑h 2 / h 1 ͒ increases as the number of the particles in the chain increases as seen in Fig. 3 . For a single hemisphere the ratio is 0.14 and it increases to 0.5 for a chain of four hemispheres. Thus, the presence of a dielectric coating is detected by the change in the spectrum from a narrow NP-like spectrum to a broad nanowirelike spectrum. The sensitivity of detection is determined by the ratio of the height of the optical clustering peak to the height of the dipole peak.
A. Effect of NP shape on LSPR spectra
It is worth noting that this sensing mechanism is not as effective when a chain of spherical NPs are used. Figure 4 shows that in comparison to the hemispherical NP chain, a chain of spherical NPs simply does not produce the pronounced spectral feature at 630 nm. In contrast to the hemispherical chain, the relative height of the cross-talk peak and the single particle peak does not change very much for spheres ͑see Figs. 3 and 4͒ . This can be explained by noting that in the case of a hemisphere we have a broken symmetry and sharp edges where the particles are attached to the surface. These can result in a stronger field enhancements between two particles. Hence, hemispheres would be more suited for biosensing with this scheme than spheres, and in the preparation of NP chain samples it would be desirable to use techniques that produce hemispherical NPs ͑such as organometallic chemical vapor deposition͒ than those that produce spherical NPs ͑such as colloidal casting͒. 
B. Refractive index sensitivity
The sensitivity of this sensing scheme ͑ratio of peak heights͒ to the change in refractive index of the dielectric coating was calculated using a four GNP array. As seen in Fig. 5 , the shift in the dipole peak with change in refractive index is weak, but the ratio of the two peak heights changes significantly as the refractive index of the coating changes. Thus the sensitivity of this biosensing scheme is expected to be a change in the ratio of two peak heights of 1.35/RIU, where RIU stands for refractive index unit. In an actual implementation, the ratio of two peak heights should be measured for the bare NPs, NPs with recognition sites, and the NPs coated with analyte layer. These three values will confirm the occurence of the sensing reaction, as well as provide a rough measure of the refractive index of the analyte.
C. Physical origin of LSPR spectral broadening
In an experiment performed with a sample with randomly-spaced NPs ͑Ref. 16͒ ͑not a chain͒, a weak second peak in the spectrum was experimentally observed. The authors hypothesized that this second "cross talk" peak is a result of the overlap of evanescent fields of two neighboring NPs when the dielectric coating is added. To test this hypothesis, we examine the change in the electric field intensity in the vicinity of the NPs on the waveguide surface for various wavelengths. At a wavelength of 630 nm ͑the wavelength at which the second peak appears͒, the electric field intensity between the two NPs is a maximum. For convenience of display, the results are presented for a dimer, but the key results hold for the chain of NPs. Figure 6 shows that when the dielectric coating is added, and the light is s-polarized, the electric field between the two NPs ͑along the x-axis, at y = 17.5 and z =0͒ is enhanced by a factor of 2-3. This is confirms the hypothesis of optical clustering in Ref. 16 as the origin of the second cross talk peak.
It is also seen that when the dielectric coating is added, and the light is p-polarized, the electric field is suppressed. This interesting feature can be understood by a simple classical picture: to leading order, the incident light sets up an The s-polarization case shows field enhancement, whereas the p-polarization case shows field supression due to the coating. This effect can be understood by a simple classical model of two interacting dipoles whose lengths increase, but whose strengths decrease due to the dielectric coating.
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induced dipole with the axis along the polarization direction of the light. The s-polarized light induces dipoles lined endto-end, while the p-polarized light induces dipoles that are parallel to each other. When the coating is added, the incident light induces longer ͑due to the increased size͒, but weaker ͑because of the dielectric͒ dipoles. In the s-polarization, the longer dipoles lined end-to-end produce field enhancement between the NPs compared to the uncoated case. But in the p-polarization, the parallel arrangement of the weaker induced dipoles leads to a reduction in the field between the NPs.
D. Proposed NP array biosensor
In order to propose a biosensor using the above effects, we compare the various competing effects that affect the spectrum, namely, the NP-dielectric coating interaction, the NP-substrate interaction, and the NP-NP interaction. The effect of a coating is to produce a small redshift in the LSPR peak as seen in Fig. 2 , and as studied in Ref. 16 . Since the NPs are not in contact with the substrate, the effect of the substrate is also to produce a small redshift in the LSPR peak as seen in Fig. 1 . The NP-NP interaction produces a large change in the spectrum-the change from a narrow NP-like spectrum to a broad nanowirelike spectrum. We have shown that this effect arises due to the dielectric mediated overlap of the evanescent fields surrounding individual particles, and dominates over the other two effects.
Keeping these sophisticated cross-talk features in mind, we propose a sensor platform based on hemispherical or pancake shaped GNPs immobilized on transparent substrates or waveguides as described schematically in Fig. 7 . ͑a͒ The NPs are placed to exhibit a pure single NP response and ͑b͒ should only show a small LSPR shift by immobilizing a recognition site on them. However, as soon as the analyte binds ͑c͒, the cross-talk should set in resulting in a strong change in the localized surface plasmon spectrum. By measuring the ratio of two peak heights for cases ͑a͒, ͑b͒, and ͑c͒, one can estimate the refractive index of the analyte.
IV. SUMMARY
In summary, the results presented in this paper show that the presence of an analyte layer on a chain of hemispherical, GNPs immobilized on a waveguide surface can be detected by observing large change in the evanescent wave absorption spectrum in the s-polarization. This effect is a result of the polarization-dependent overlap of the evanescent fields of two adjacent NPs, triggered by the dielectric analyte coating. This scheme provides a measure for determining the sensitivity of a NP sensor-the ratio of the heights of the two peaks depends on the refractive index of the analyte layer. Measuring the ratio of two spectral peaks that are roughly 100 nm apart provides a higher degree of sensitivity than the traditional peak-shift in order 10 nm used to determine the sensing reaction. This, and the potential to improve signalto-noise using the two polarization directions underlies the superiority of this proposed platform.
